The oxidation of hydrogen was studied at an activated platinum microelectrode by cyclic voltammetry in the following ionic liquids: [ 2
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Introduction
Room temperature ionic liquids (RTILs) are liquids composed entirely of ions and exist in the liquid state near room temperature. They have several charactersitic properties, including intrinsic conductivity, low (or near zero) volatility, high polarity, high thermal stability and wide electrochemical windows. They are increasingly being used in applications such as green synthesis, [1, 2] catalysis with transition metals, [3] and in electrochemical applications such as electrodeposition of metals, [4] as electrolytes in lithium batteries, [5] sensors, [6] capacitors, [7] and in solar cells. [8] The interested reader is directed to a number of recent reviews describing electrochemistry in ionic liquids. [9] [10] [11] RTILs are currently being investigated as possible electrolytes for gas sensing applications, [6] since their favourable properties (low-volatility and high thermal stability) means the sensor does not dry out, and provides the possibility for gas sensing at high temperatures, which may be of use in the combustion industry and elsewhere. [17, 18] and NO 2 . [19] The focus of the present paper is the electrochemical oxidation of hydrogen gas, which is of major importance in fuel cells [20] and other applications. Several reports have looked at the H 2 oxidation process in both protic [21] [22] [23] [24] and aprotic [25, 26] solvents. Recently, we extended this study by looking at the electro-oxidation of H 2 in a limited range of RTILs [14] in order to shed light on the nature of proton-ionic liquid interactions, and noted some interesting observations.
First, an increase of the peak current for H 2 oxidation was observed when the electrode was pre-3 anodized ("activated") at a potential more positive than the peak. A similar effect had also been noted in aprotic solvents in the presence of H 2 on Pt electrodes. [25] Second, after activating the electrode for one minute, the voltammetry became much more electrochemically reversible. The activation step was necessary prior to recording voltammetric scans, in order to obtain reliable and reproducible peak potentials. Building on this study, we have now investigated the H 2 oxidation process in detail at activated Pt electrodes in ten ionic liquids with a diverse range of different anions and cations (the structures of which are given in Figure 1 ). The H 2 oxidation potential has been reported vs a standard internal redox couple for all ten RTILs, and the effect of temperature on the voltammetry has been investigated in four RTILs. The results presented below may have implications in the electrochemical detection of H 2 gas (particularly at higher temperatures), in understanding the nature of proton-ionic liquid environments, and ultimately helping to define a pH scale in RTIL media. 
Instrumental
All electrochemical experiments were performed using a computer-controlled µ-Autolab potentiostat (Eco-Chemie, Netherlands). The electrochemistry of H 2 gas was performed in a T-cell (reported previously), [14, 30] using a Pt microdisk (10 µm diameter) as the working electrode, and a silver wire as a quasi-reference electrode. The working electrode was modified with a section of disposable micropipette tip, into which 20 µL of the blank RTIL solvent was placed. The liquid was purged under vacuum for ca. 90 minutes, after which gas was introduced through one arm of the cell. An outlet gas line led from the cell into a fume cupboard.
Before voltammetric scans were undertaken, the ionic liquid was saturated with gas (typically showed formal potentials and standard electrochemical rate constants which did not vary systematically with scan rate. These simulations, along with the related ferrocene/ferrocenium couple will be reported elsewhere. [31] For all experiments, before each voltammetric scan, the electrode was preanodized/activated for 30 seconds at a chosen potential (typically +2 V, but lower for those RTILs with a smaller anodic window). The period of activation was significantly longer than that needed for the electrode to become activated in all of the RTILs studied. Temperature controlled experiments were performed in a thermostated box (previously described by Evans et al.) [32] which also functioned as a Faraday cage. The temperature was accurate to ± 0. 
Chronoamperometric Experiments
Chronoamperometric transients were achieved using a sample time of 0.001 s. Before the potential step, the electrode was pre-anodized/activated for 30 seconds at +2.0 V vs Ag (+1.2
] and [C 6 mim]Cl). The potential was then stepped to a chosen potential after the oxidative peak, and the current was measured for 0.5 s after pre-equilibration for 20 seconds.
The software package Origin 7.0 (Microcal Software Inc.) was used to fit the experimental data.
The equations proposed by Shoup and Szabo [34] (below) were imported into the non linear curve fitting function, and the computer was instructed to perform 100 iterations on the data, which are sufficient to give D and c within an error of 0.6 %.
f (τ ) = 0.7854 + 0.8863τ
where n is the number of electrons transferred, F is the Faraday constant, D is the diffusion coefficient, c is the initial concentration of parent species, r d is the radius of the disk electrode, and t is the time.
The value for the radius (previously calibrated) was fixed, and a value for the diffusion coefficient and the product of the number of electrons multiplied by concentration was obtained after optimization of the experimental data. It is noted that chronoamperometric transients with current-time steps longer than 0.5 seconds showed adsorption effects and could not be fitted to the Shoup and Szabo expression above. 
and either/both of the following equations:
Clear physical evidence of the formation of the hydrogen dinitrate ion has been reported previously.
[36] − ions but not chemically reacting with them), is stable and is reduced to H 2 on the reverse sweep. As seen in Figure 3 , the peak separation increases slightly with scan rate suggesting that the process is electrochemically quasi-reversible. 
where ν represents scan rate, R is the universal gas constant, T is the absolute temperature, 
Potential Step Chronoamperometry
In addition to studying the cyclic voltammetry of H 2 oxidation, a potential step was performed on the oxidative wave in order to try to calculate diffusion coefficients and solubilities of hydrogen in each RTIL. It has previously been reported [14] that potential step transients (of duration 10 seconds) for H 2 oxidation in several ionic liquids could not be analysed due to severe adsorption effects. However, when the time-step was significantly reduced (to 0.5 seconds), a transient was obtained which could be successfully fit to the Shoup and Szabo expression [34] based on diffusion controlled currents. Figure 4 shows a chronoamperometric transient (solid This process was then repeated for the oxidation of H 2 in all RTILs studied, and the experimental and fitted theoretical data is shown in the supplementary information. The numerical data is shown in Table 1 , along with the dynamic viscosities (η) of each RTIL. According to the Stokes-Einstein relation [38] in equation 9, for a simple diffusing species, a linear relationship is expected between the diffusion coefficients (D) and the inverse of viscosity:
where k is the Boltzmann constant, T is the temperature and α is the hydrodynamic radius of the diffusing species. This relationship is commonly followed in conventional molecular solvents, and also for organic molecules in RTILs. [32] A plot of D vs 1/η using the values in Table 1 is presented in Figure 5 , and shows no apparent linear relationship, suggesting that H 2 is far too small a molecule for equation 9 to apply. The diffusion coefficients of hydrogen in RTILs are approximately 1-2 orders of magnitude smaller than that obtained in conventional protic and aprotic solvents (see Table 2 ) which is not unreasonable, considering the higher viscosity of the RTILs (34-7453 cP) compared to that of water (1.00 cP), dimethyl sulfoxide (2.20 cP), dimethylformamide (0.92 cP) and pyridine (0.95 cP) at 293 K. [39] The concentrations (solubilities) of hydrogen in all ten RTILs studied are relatively moderate (ca. report solubilities at 293 K and 1 atm. of ca. 0.7 to 0.9 mM. These have been included in Table 2 , together with solubilities reported in water and other aprotic solvents. [25] As can clearly be seen by comparing the solubilities in Table 2 to Table 1 (from this work), the electrochemical method is shown to be much more sensitive, and can detect lower concentrations of hydrogen. Therefore, this method shows great promise for the analytical determination of hydrogen concentrations in Clark-cell type gas sensors. [6] Since the D and c values vary somewhat with the solvent, the product of the two variables was then calculated in each ionic liquid, and the numbers are included in Table 1 . The ionic liquid with the highest Dc will give the highest current response (since the steady-state current at a microdisk is proportional to Dc) [6, 34] and will therefore be the most suitable medium for sensing via the Clark-cell approach. By comparing the numbers in are well separated from the Cc + /Cc redox couple, allowing for the measurement of H 2 peak potentials relative to the Cc + /Cc redox couple. However, it is noted that the peak currents for H 2 oxidation decreased slightly (by ca. 5-30 %) compared to the peak currents of H 2 alone, suggesting a reaction of hydrogen with cobaltocenium hexafluorophosphate or its reduction product. [45] A similar reaction with hydrogen in RTILs was also observed in the presence of N,N,N ,N -tetramethylphenylenediamine, TMPD.
[46] Table 3 shows the peak potential for the oxidation of H 2 relative to the Cc + /Cc redox couple in all ten RTILs studied. A large variation in H 2 oxidation potential is observed. This reflects both kinetics (∆E pp ) and thermodynamics (E f 0 ); these will be discussed separately below.
In an attempt to obtain thermodynamic data from the voltammetry, we have analysed those cases in which the back-peak is likely directly related to the H 2 oxidation product (but 14 not those in which there is a suggestion of follow-up chemistry) to give the mid peak potential Table 3 also shows the peak potentials of the "HA" (where A − =solvent anion) reduction peak vs Cc + /Cc, and the resulting peak separations of the H 2 /"HA" couple (∆E pp ). The ionic liquids giving the smallest peak separations suggest that the H 2 /H + couple is the least electrochemically irreversible in these media, or that the protonated anion is easiest to reduce. Therefore, it is seen that the process is more electrochemically reversible (but not fully 
Preliminary Temperature study for H 2 Oxidation
Due to the high thermal stability and near-zero volatility of RTIL solvents, they have several advantages over conventional protic and aprotic solvents, particularly when used as solvents in gas sensors at high temperatures, where conventional solvents may evaporate. The ability to perform voltammetric measurements at higher temperature is quantitatively useful, since voltammetric measurements at higher temperature are more sensitive, and the attainable limiting current is increased. For this reason, a preliminary temperature study (ca. 298-333 K)
has been carried out in some of the ionic liquids mentioned above. . In all cases, the peak current for H 2 oxidation increases systematically with temperature. This is because the viscosity of the RTIL decreases with increasing temperature, and hence the rate of mass transport to the electrode surface is faster, resulting in larger peak currents. The peak separations of the forward and reverse peak appear to decrease as the temperature is increased, suggesting that HA (where A − =solvent anion) is more rapidly reduced to H 2 at higher temperatures. The peak shapes become more steady-state in nature as the temperature increases. Steady-state behaviour is typically observed on microelectrodes in conventional molecular solvents, but the much higher viscosity of ionic liquids (1-3 orders of magnitude) means that diffusion coefficients are much smaller, and transient voltrammetric behaviour is common. [10] This is represented in Figure 7 ; as the temperature increases and the viscosity decreases, the peaks become more steady-state in nature. The reduction peak, however, is very sharp, and gets even sharper when the temperature is increased (particularly for the [NTf 2 ] − -based RTILs), suggesting that the diffusion coefficient of the solvated proton in
RTILs is much lower than that of H 2 . This leads to voltammetry exhibiting both steady-state and transient behaviour in the same cycle, as observed for the oxygen/superoxide couple in RTILs. [12] In order to determine if the solubilities and diffusion coefficients change with temperature, potential-step chronoamperometry was then performed on the hydrogen oxidation peak at all temperatures studied. However, the quality of fitting of the experimental data to the Shoup and Szabo expression [34] became systematically poor as the temperature was increased, and the data was deemed unreliable. Qualitatively, though, it can be seen from Figure 7 that the limiting currents are higher at increased temperatures. This increased sensitivity may prove to be an advantage when detecting hydrogen gas concentrations at higher temperatures.
Conclusions
The electrochemical oxidation of hydrogen has been studied in ten different ionic liquids. The results from this study revealed diffusion coefficients and solubilities of hydrogen in each ionic liquid, and there was no obvious relationship found between D and viscosity, suggesting that H 2 is too small a molecule for the Stokes-Einstein relation to apply. In addition, the oxidation potential of hydrogen has been reported against a standard internal reference couple, and a large variation in peak potentials was observed, which are thought to be mainly dependent on the nature of the anion and its interaction with the electrogenerated proton. A voltammetric study at increasing temperatures showed that the peak currents of H 2 oxidation increased with temperature.
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